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Abstract 
Hydraulic Autofrettage is a process to selectively induce beneficial compressive residual stresses in failure critical 
areas of internally pressurized components. The compressive residual stresses are present over several millimeters in 
the material depth. Following post-machining operations remove a portion of these residual stress loaded layers and 
lead to a redistribution of the residual stresses. Additionally, machining is known to introduce residual stresses itself. 
This paper uses a finite element method approach to discuss the effect of the material removal and as a consequence 
its impact on the layout of the technical process chain. First of all, the material removal is considered to be 
completely elastic by simply deleting the corresponding elements. Secondly, it is considered by a real interaction 
between the cutting tool and the material within an explicit 3D simulation. 
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1. Introduction 
Today, manufacturing processes which selectively induce compressive residual stresses in failure 
critical areas of components are gaining increasing importance, especially in applications where the 
components have to withstand high internal pressures, such as fuel injection systems. The beneficial long 
range compressive residual stresses, which later superimpose with the load stresses, lead to an increase of 
the fatigue life [1, 2]. The challenge of light weight and material efficient design requires a full 
exploitation of the material’s potential. Hydraulic Autofrettage (AF) is used to achieve this goal. Here, 
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high internal over-pressure is applied for a few seconds in order to introduce plastic deformation at the 
inner part of the component. After pressure release, the elastically deformed outer region of the part tries 
to return to its original state, whereas the inner part remains plastically deformed. This leads to a 
characteristic compressive residual stress distribution in the inner portion of the component.  
In many high precision manufacturing process chains, the parts are machined at the end in order to 
guarantee a certain manufacturing tolerance, e.g. a piston-cylinder pair in high pressure pump housing. 
When residual stress loaded layers are removed, the residual stress distribution in the whole part will be 
altered. This leads to macroscopic shape deviations [3] and a redistribution of the residual stresses. As a 
consequence, the interaction between the process steps has to be taken into account when designing the 
manufacturing process to ensure that the desired surface integrity is reached. 
In this paper two models of material removal after Autofrettage are compared and the impact on the 
final surface integrity of the machined components is discussed.  
2. Residual stresses due to Autofrettage 
The characteristic multi-axial residual stress distribution of autofrettaged thick-walled cylinders is well 
described. In order to compare with uniaxial test data, the von Mises stress is commonly used to represent 
the complex stress state. The stress component with the highest impact on the fatigue life is the hoop 
stress, i.e. the tangential stress in case of a cylindrical part. Gibson [4] gives an overview of some popular 
analytical and numerical models. One of the presented analytical models is the axi-symmetric approach of 
Huang [5]. His model is capable of considering different stress-strain relationships with or without 
hardening and also the Bauschinger effect and will be used in this work in order to verify the Finite-
Element-Analysis (FEA)-models.  
During Autofrettage, the metal is subjected to a certain plastic strain depending on the maximum 
applied internal pressure. After unloading from the Autofrettage pressure, the pressure release phase, a 
significant non-linearity caused by compressive re-yielding at the bore is observed depending on the prior 
plastic strain. This is caused by non-linear hardening and the Bauschinger effect during unloading, which 
is important for the effectiveness of the Autofrettage process as it limits the size of inducible compressive 
stresses [6, 4]. For the following comparative FEA calculations, the residual stresses are calculated by 
using a bi-linear kinematic hardening model with plane strain. It considers the Bauschinger effect, but can 
only be an approximation of the real material behavior. Table 1 gives an overview about the used 
geometries, FEA-models and materials. 
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Table 1. Used geometries, FEA-model and material parameters 
 Axi-symmetric model Full 3D-model 
Inner / outer diameter of the cylinder / length 9 mm / 27 mm / 0.2 mm 9 mm / 27 mm / 0.2 mm 
Material 
Material and diameter of Twist Drill / 6-bladed reamer 
FEA-element type / smallest element size  
 Steel SAE 316 L 
/ 
CAX4R / 0.1 mm 
Steel SAE 316 L 
Rigid 9.8 mm / Rigid 10 mm 
C3D8R / 0.1 mm 
Steps for material removal 
Machining parameters boring 
Machining parameters reaming 
14 steps, each 0.5 mm 
/ 
/ 
2 steps: boring and reaming 
Feed: 0.81 mm/s, 487 RPM 
Feed: 1.06 mm/s, 318 RPM 
 
Fig. 1a shows the models used for the investigated thick-walled cylinder (upper part axi-symmetric 
model and lower part full 3D-model) whereas Fig. 1b shows the residual hoop stress distribution after 
Autofrettage with 6,350 bar for both FEA-models and Huang’s analytical solution.  
The pressure level during Autofrettage was calculated to be close to the fully plastic material state. 
Additionally, for the analytical solution, the elastic unloading without re-yielding and the elastic-plastic 
unloading with re-yielding at the bore are plotted to illustrate the influence of the re-yielding on the 
maximum compressive residual stress.  
Fig. 1. (a) Used FEA-models for the thick-walled cylinder; (b) Residual stress distribution after Autofrettage with 6,350 bar  
The analytical and numerical results agree nicely with a difference of about 30 MPa only for the 
maximum hoop stress. The FEA-models themselves are in good agreement with each other and yield the 
same results. The two characteristic features after Autofrettage can be seen: re-yielding in the close 
proximity of the bore and elastic-plastic interface at a wall thickness of about 8 mm. Without re-yielding, 
the maximum hoop stress would be approximately 250 MPa higher.  
3. Material removal after Autofrettage 
 Material removal of residual stress loaded layers will lead to undesired macroscopic deformations due 
to the redistribution of the residual stresses. This is discussed in various papers, e.g. Brinksmeier et al. [7]. 
(a) (b) 
Initial re-yielding 
radius after AF 
Initial elastic-plastic 
interface after AF 
Yield Strength: 501 MPa 
Poisson Ratio: 0.28 
Full 3D-explicit 
Axi-Symmetric 
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Resulting shape deviations in a pressure distributor with an internal T-shaped bore intersection subjected 
to a boring and reaming operation after Autofrettage are already presented in [8]. The used FEA-model 
showed a good agreement with experimental results and may be useful in early design stages. However, 
in terms of surface integrity and hence fatigue life, the focus lies on the final residual stress distribution 
after Autofrettage and additional machining. The resulting residual stress distribution after machining has 
two main sources: First, the redistribution due to the removal of the residual stress loaded volume and 
second by the newly induced residual stresses caused by the interaction between tool and work piece.  
3.1.  Modeling the redistribution 
The redistribution after the removing of residual stress loaded layers induced by Autofrettage can be 
modeled by simply deleting the affected elements in the FEA-model. So far, there is little reported 
research in this area. Hameed et al. [9] discussed the effect of material removal in a cylinder by 
machining internally or externally after Autofrettage with the use of an ANSYS FEA-model. With their 
model, they found a significant impact of the material removal on the beneficial maximum compressive 
hoop stresses in the cylinder. Furthermore, it was concluded that the position of the elastic-plastic 
interface remains stable. Their model could also predict that material removal up to the re-yielding radius 
will not cause any adverse effect on the overall stress field. The axi-symmetric model used in this 
investigation simulated a stepwise material removal, as detailed in Table 1, up to the elastic-plastic 
interface at a wall thickness of approximately 8 mm after Autofrettage with 6,350 bar. Fig. 2a and 2b 
show the influence of each removal step on the following residual von Mises and hoop stress distribution.  
 
Fig. 2. Residual stresses after Autofrettage and material removal: (a) von MISES stresses; (b) hoop stresses 
(a) (b) 
Initial re-yielding 
radius after AF 
Initial elastic-
plastic interface 
after AF 
Initial re-yielding 
radius after AF 
Initial elastic-
plastic interface 
after AF 
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The cylinder wall thickness is plotted on the x-axis. In order to compare the maximum stresses at the 
inner bore radius, the newly found inner radius is set to zero after each removal step. Therefore, the 
elastic-plastic interface seems to move to the left, but if seen from the outer radius of the cylinder, the 
elastic-plastic interface actually remains at the same position. Hameed found the same behavior in his 
work. The maximum hoop and the von Mises stresses are merely affected up to the re-yielding radius, but 
more significantly afterwards. Overall, it is clear that the beneficial hoop stresses are reduced depending 
on the amount of removed material. The maximum hoop stress at the bore decreases significantly after 
passing the initial re-yielding radius.  
3.2. Modeling the interaction between tool and work piece 
Machining is known to induce residual stresses by plastic deformation, thermo elastic effects or 
metallurgical transformations. However, the penetration depth is normally limited to regions near the 
surface [10]. Scholtes [11] presented detailed residual stress distributions for a number of different 
machining processes, e.g. grinding, depending on material and process parameters. He showed that the 
amount and sign may significantly differ depending on the mechanism of residual stress generation. 
Outeiro et al. [12] presented a study on the residual stresses depending on the machining parameters for 
steel SAE 316 L in orthogonal cutting. They concluded that machining introduces large tensile hoop 
stresses in the surface region between 0 and 0.5 mm for the chosen machining parameters. The here used 
boring and reaming operation after Autofrettage is not expected to introduce significant temperature 
gradients, hence the residual hoop stresses should be compressive due to the plastic deformation. Boring 
and reaming to a final inner diameter of 10 mm is modeled using an explicit FEA-model as shown in Fig. 
1a and accelerated by a factor of 24. ABAQUS/EXPLICIT offers a model for damage of metals named 
“Ductile Damage” which is widely used to model machining operations and chip formation [13, 14]. 
After damage has occurred, which is defined by the fracture strain from the uniaxial tensile test, the 
elements are deleted. The underlying elements are subjected to deformation until the elements in contact 
with the tool are deleted. After one set of elements is deleted, the surfaces are newly defined for the 
underlying elements. The contact was modeled using the “General Contact” option in ABAQUS. Thus, 
the resulting stress state may be more realistic even though the cutting mechanisms are not modeled 
exactly. For verification, the residual hoop stresses were measured using X-ray diffraction with 
electrolytic polishing. The measurement data was acquired up to a depth of 3.5 mm in 0.5 mm steps. For 
the first 0.5 mm, three measurement points were used in order to approximate the behavior near the 
surface. The comparison is shown in Fig. 3a. Afterwards, the cylinder was subject to four different 
Autofrettage pressure levels starting with the pressure close to initial yielding and ending with the 
pressure close to full plastification of the tube wall. Fig. 3b shows the resulting residual hoop stresses.  
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Fig. 3. Residual hoop stress distribution after boring and reaming to inner diameter of 10 mm (wall thickness of 8.5 mm): (a) 
without Autofrettage near to the surface and compared to measurement values; (b) with different Autofrettage pressures 
Fig. 3a shows small compressive residual hoop stresses due to boring and reaming which change to 
around zero within the first 0.5 mm. Results of measurement and simulation show the same tendency. 
One source of the measurement uncertainty is redistribution due to polishing. In depths greater than 0.5 
mm, randomly distributed compressive residual stresses were found which are presumably caused by the 
pre-machining history of the component. As the FEA-model does not consider pre-machining, those 
measurement results are not shown here. In Fig. 3b it can be seen that the final residual stress distribution 
is a combination of the long range compressive hoop stresses induced by Autofrettage and the smaller 
ones near the surface due to machining. The machining residual hoop stresses are not added to the 
Autofrettage residual hoop stresses but they dominate the behavior up to 0.5 mm and show a steep 
gradient. This behavior is observed for all Autofrettage pressures. The maximum compressive residual 
hoop stress at the bore at 6,350 bar is reduced by 250 MPa compared to the redistribution case or initial 
Autofrettage treatment, respectively. The surface integrity is clearly affected and the simplification of 
only considering redistribution leads to overestimated maximum compressive residual hoop stresses. As a 
consequence, the fatigue life may be overestimated.  
4. Summary and Conclusions 
The residual stress distribution after Autofrettage and machining was calculated using two different 
models. The first model considered the redistribution of the residual stresses showing a good agreement 
to already existing results. The maximum compressive hoop stresses were lowered proportional to the 
amount of removed material after the initial re-yielding radius had been crossed. The distribution 
remained the same. Also, the elastic-plastic interface was not affected by the machining.  
The second model used an explicit FEA-model considering the actual machining. After a simulated 
boring and reaming operation without prior Autofrettage, the results of the 3D-model compared to 
residual stress measurements showed the same tendency. The model was then used to simulate the 
influence of different Autofrettage pressures and consecutive machining. It was found to be a 
combination of the redistribution and the machining induced compressive hoop stresses for all considered 
Autofrettage pressures. The maximum surface hoop stress at 6,350 bar was lowered by 250 MPa. If only 
the redistribution part is considered, the compressive residual hoop stresses and as a consequence the 
fatigue life may be overestimated. This modeling approach may be used in the design stage of internally 
pressurized components in order to predict the effect of machining after Autofrettage.  
Future work will focus further on the process chain approach and will consider residual stresses 
already induced by pre-machining to give a more complete picture of the residual stresses at the end of 
the process chain.  
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